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SUMMARY

This report describes the method cf flux growth of non-linear optical single crystals and the
techniques required to determine the flux choice. This is illustrated by the crystal growth of
beta barium borate. These techniques are applicable to other optical materials
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1. INTRODUCTION

The purpose of this report is to describe high temperature solution crystal grow.4th techniques as applied

to laser and non-linear optical materials. Many crystals used in laser applications and non-linear opus,

are commonly grown by the Czochralski technique I 11. With this technique large crstals are pulled

directly from a congruent melt. These melts have the same composition as the grow inL crital and thu,

the crystallisation temperature remains constant. However some crstals cannot be grow tn tront

congruent melts and it is necessary to use a solvent (called a flux) to grow these materials In these

i|tuations the liquid comprising the flux (or solvent) and the composition from which the cr),,tal will

form is best referred to as a solution rather than a melt. The solvent is a compound wkhlch Is a liquid (at

the temperatures used) that dissolves the crystal to be grown. Fluxes are selected ko that the.% d,, no,

contaminate the growing crystal. Considerable work is required to determine the most taiourable lai,

The crystal growth technique used is Top Seeded Solution Growth (TSSG), or a sim!lar te,:hnique called

High Temperature Solution growth (FITS) 121

In this report. the flux growth of single crystals will be described. followed by a di,,cu,,ion on the cr\,,al

groMwth technique The growth of beta-barium borate. flux selection. and phase dia,_ram detemlination ltr

this ,ystem will be descnrbed as an example of the technique

2. FLUX GROWTH

In order to grow a cr'.stal. the physical and chemical properties ot the cr\,stal and Telt niu-t he

considered Melt solutions comprise the chemical composition of the cr.,stal to he 'rowkn wlth the

addition of a flux which effectiiel, dissolves the crystal at high temperature,. Lowering the temperature

enable, the c•nstal to nucleate in the solution, and then ,roA larger as the temperature decreae, In the

flux cro\wth techniques iTSSG and HTS) an attempt is made to control this process to produce hi'h

qualit,. crstalb The variables under some control are.

I rhe flux composition \xhich affect, the liqiidu, temperature. ýiscost%. -rowth rance, and

crsstal ,i•eld

2 [he cioling rate which determines the ,rjowth rate ,%hich has a larce bearinn on the crstal

qualty•

\. hen growing a crystal from a rnelt many, different fluxes can be inestigated Fach flu\ has different

range, (of 'omposiifon, and temperature oxer which grow th is possible, and for wkhich ditterent grod.th

morphiloh,, and melt charactenrstics occur for gro•ing a particular crystal Thus fIOr each flu\. a phase

diagram is required which is a representation of all the possible phase,, ot the compounds prodmicd \

number of situations in which it is ne:es,,sar, to use flu, growth vill be described This %will be tollowed

f's a conideration ot aspects ot flu\ selection and a discusion on Ditferential I hermal Anal\ ,i, i (Mf .\

I ('LASSIFII 1)
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2.1 High Temperature Phase

This situation is one in which the required material melts congruently. but at temperatures too higzh to be

produced by the available furnace. or too high for the existence of a suitable crucible to contain the melt

Addition of a flux allows the required crystal to grow at a lower liquidus temperature because the melting_

point of the rmixture is lower than that of the pure compound. This situation is represented by an ideal

phase diagram using a simple eutectic system a~s an example (Figure lIi. Crystals of" A can be grown if the

maximum temperature Ta can be obtained. If a lower growth temperature is required the additon of

material B can make a mixture with a lower melting point. In this situation matenial B can be con,,idered

to be a flux. For example. at composition X the liquidus temperature is Tx where it is b.ell belov, the

melting point of phase A. As the solution is cooled. crystal phase A grows at the expense of the liquid

phase, in which A becomes diluted with respect to B. As the liquid reaches the eutectic temperature l e

the remaining liquid solidifies to produce a eutectic mixture of A and B. The crystal grov.th must be

halted before Te is reached in order to remove the crystal before the remaining [iquid completeR>

solidifies. A charactenstic of TSSG or I-TS is that the crvstalli sation temperature vane,, as the crx,,tal i,,

grown. Similarly if crystal of B w,,ere required and temperature Tb was too high. A could be used as a

flux.

Ta

I----------,, \Liquidus

Tx l \

('omposition

Figure 1. Ideal phase diagram of a simple eutectic s~.stem.

"2.2 Phase Change

The ,,econd situation is that of a lob temperature solid phase cr,,tal ,,tructure t'3! vhich tran,,form,, to the"

higzh temperature ,,olid phas.e util at temperature T,, a,, ,,hown in Figure 2 Iio enable the cr,,,tal grov, ~th

the lo• temperature pha,,e. a flux Imatenal Bi can be used to reduce the liquidu,, temperature as, the

mixture ha,, a low.er melting point This ,,ituatilon is, similar to that of the higzh temperature .growth

discused aboe., ho,,,e•er in this case the tiuxf is, used tO lower the hiquidus temperature belov, the phase

transiion temperature Is\ The Iov• temperature phase (13) ma', be grown from i~quid ranging: i

composiion bet,•een N and 1-. At compositions, bets.een A. and N. the high temperature phase •(f•

cr.,stalhie,,. w.hie ber'•een F- and B. compound B v~ould cr3,,talh,,e

I (I(1 ASSIFIf-.P
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Ta

Tx a & liquid
\ iquidus

N Tb

3& liquid

ss LLiqL B & liquid

Te

Solid A & B

A x E B

Composition

Figure 2. Idealised phase diagram showing the part of the liquidus (dashed arrow) o~er %hich the

low temperature phase (11) may be grown.

2.3 Incongruent Melting

The third case is one in Ahich the matenal of interesti melts incongruentl\ The cr\ýia~line phase

decompose,, abo~e the pentectic temperature. Ip. to for-m a second crs.ta] line phase and a liquid

Ficure 3) Addition of flux B enables a cr~stal of phase C to -,ro%~ below% the pentectic tcmperature ip

A ,ain the crx',ial can be grown to just aboý e the eutectic temperature. T[e

Ta

Liquid

Solid A & liquid Grovkth region of iiquiduN

for phase C

'p
Tb

Solid A & C Solid C & liquid B & liquid_ Te

A C F.B
Comrn po tlion

Figture 3. Idealised phase diagram show~ing the liquidus betw~een the peritectic iTpý and eutectic

iTei temperature-, oser %hich phase C niay be grown (dashed arro~si.

I M1l.\SSIIl It )
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2.4 Flux selection

Selection of a flux is difficult due to a aanet of possible flux compositions, and the limited data on

phase equilibna at high temperatures. In some situations the flux consists of a number of component,.

and phase relationships are generall, not known A flux needs to be a good solent for the material ot

interest, and tmal and error is often used with many flux compositions in finally selecting a suitable flu,,

Existing phase diagrams are used as a guide in the choice of fluxes to be tested From these tnal, a phase

diagram can be determined or its general properties estimated if a phase diagram exists, the cr, tal ',ield

can be calculated and values of crystal yields compared: the best flux will hopefullx Live the larest

crystal yield. Further problems arise if the flux has a lovw viscositt, This results in melts becominL

inhomogenous. especialiy next to the growing surface of the crystal. To replenish nutrients at this ,urface

it may be necessar-y to have a mixing process in addition to diffusion of ions. This ma, be accomplished

b\ causiniz convection currents within a high thermal gradient or using some form of mechanical

agitation. Commonly the crystal is rotated dunng growth in order to establish uniform growth. but if the

liquid is too viscous seeds may have a tendenex to break off. It is also advantageous to use a flu, which

is non-\,olatile. to aoid evaporation and composition change when using an open crucible I-uriher the

%,apour could be hazardous or cause deterioration in the adjacent equipment

General guideline, max, be used to aid flux selection. and some of these are discussed belos,

I A preferred flux max be selected to hae an ion in common with the composition of the cry,,tal I hi,

procedure reduces the posibdit of lattice substitution of stable compounds

If a flux has ions that are not in common with the crstal. then these ion, ma, produce unvanted

.ubstitutional or interstitial impurities In these case, the flux ions and cr.stal ions generall., need to

haje a greatls different sizes. different ,alence states or different preferred coordination numbers, in

order to present lattice substitution of impunties,

3 I he lu\i should hase a los melting point and be a go- sol.ent

4 [he flu\ needs to hase a lox, ,iscosit, and ha\e Ioss ,olatilits

In -,eneral a flu\ often is a eutectic composition. particularlx in a multi-component solution. \,hich forms

a stable ,olhd phase The eutectic composition also forms, sith a lowx meltmg point which ma-, asinst i

the ohlubilit-, ofthe cr. stal phase

2.5 Differential Thermal Analysis

In practice manx, fluxes need to be inetiýgated to find suitable ranges of temperature and compoition in

.rorinr cristals of specified compostiion, A phase diagram indicates a continuous range of crys,tl

compositions and :orresponding temperatures at wshich these compositions are produced One method oil

determining a phase diagram is by• using Differential Thermal Ana,,sis iDTA) 13.41 coupled " ith s-r.ta

nal. ,s,, In D)I .\. tw.,o thermocouple, are used to measure the temperature difference bet.,een a .inijllc

t " ..\SSIF:I)
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and a reference while the temperature is. being scanned Reactions and phase changes in the sample ~an

be determined b,, monitoring this temperature difference. X-ray diffraction is used to determine the

crs stalline phases and relative amounts of constituents that result after the reactions T-he DIFA tec:hnique

is fast and accur-ate in determining the temperatures of exothermic and endothermnic reaction, of the

crystal and flux mixtures. thus allowing rapid and accurate determination of the temperature at vAhic:h a

phas.e change occurs. The main equipment consists of a small furnace. and tso crucible supports \%hic:h

contain thermocouples (Figure 4) Heanng elements produce a uniform temperature zone bs beinc-

ar-rangoed cvlindncallv around the crucibles which are close together.

DTA involves measunngc the difference in temperature between a smtall sample of the matenaiýl f ntcrco

and a reference material in a uniform temperature zone while heat is being added at a :on~tant rate

that the temperature is %aried systematically. Sample size is optimised to maintain a uniform temperaitutc,

maximise the temperature response at a phase change and maintain a homopeneous mixture ficatittc

cause,, an increase or decrease in the temperature of the sample, when respecttsel an e\othermk1, I

endothermic reaction occurs. The heating rate is generall-s quite high i 2( - Si i Cmin-to rLixirnise an;,

thermal difference that results,. Each sample is sintered (ie formed at a temperature heI'\A t:- ineltin:

point) and \-raxed to confirm that the sample is a s-able knowkn composition and t sin,_i: pha~c I

reterence material is generalls inert, but in some cases maN base a phase change at a kno,.krittpnt

,skhich is used in accurate temperature calibration Altematises standards suh as pUTt:e _od or~I; t

used in the sample crucible Wkith the combination of data from \-ra,- anal],sis and the rniCasuren1Ciei

temperatures at \xhic:h the reaction, occur. a phase diag-ramn ma% he drax~n i intcr-Ted 'rohlcrrTý *sru

identified Axith the DT\ equipment and these are discussed in Appendix 1hi

[teure 5i1 an example of a phase diagram \xhic:h illustrates, the DI A tec:hnique l'gre tllutraie- the

tempe~rature changes w~hich occur at specified temperatures and compositions indi~ated tn Iteunrc

\Ahi, h is the phase diagram ot barium borate iBaHio 4j or BBOh and (ofium banrtu borate `%ola'Ial (

or N BBF( i Samples, X I. X2 and X 3 represent compositions ot possibic ornhiniation, ot BII 'Iand

N BH( A themnial analý sis experiment for sample XI "xould indicatie e\Orherintic I'r end thermi.ý

rca, tio)ns at the eutectic temperature ieý xx here the sample he-pin, it melt. at the Ui - ', irain'iihtt

temperature iIt) \&hen the phase transition occurs., and at the liquidus-solidus tempel-rature ipoint ('i

,xkhen the sample cornpletel\ melts the anal> xis for sample X2 has txx 0 reaction peak,. indic:ating t

liqudus-shd~us temperature (V) and the Name eutectic temperature t le) ( )nh . sigl large pea kx ould

he fbexe or sample X3l at the eLUtCtic temperature rhe size ot the exothermic: or endotheruici:

reaction peaks is an indication (ot the relatixe amnounts of a particular phase or the eniergetics M the

transition I bus the eutectic transition \would base the largest peak tor sample V\ as this is the culectil

,Ompi 'stiofl and priigressivelN reduce in size and disappear at the end mnember Ppure lBBI ot NB B)

I!(he - 0 transition xv ill onl% he obsersed it the liquidus temnperature is greater than It

I NCL.\stIfI 1)1
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DIFFERENTIAL THERMAL ANALYSIS FURNACE

Heakrer,

In~ukiwd U U crucibl

Therm,,.uple

Figure 4. Differential Thermal AnaI~sis Furnace.

Iiquidus

V ~ V "& 4';

"oBdu

13 A- -t

Figure 5. Phase diagram Of BaII,) 4 - Na-vRaB,05.
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In summary,. temperature differences between the sample and reference material %kould be obser~ed at

the eutectic temperature Te for each composition (points A. D and Ei and at the solidus and liquiduN

temperatures ipoints C and F for compositions XI and X2 respectiveký i Further. a small temperature

difference may occur at the a - ~3transition temperature Tt (point B) for sample XlI

Compositio'n

AT

A HC

lncrta~ing Temperature

I)I

AT

Figure 6. Graphical representation of data from DTA.

An example of the data obtained is given in Figure 7 which is a sample from the BBO - NBBO phase

diagram at a composition of 241'> NBBO, that is around the a - transition at the liquidus Delta

temperature is the temperature difference between the reference and sample as a function of the

reference temperature. The curve shows the eutectic temperature and a broad change of slhpe at the

liquidus The a - l3 transition may not be obser-xed since its associated temperaturc :han.,ge occurs o,,er a

,:omparati~e]N small range of temperature which o~erlaps with the melting point The rather broad

change of slope in Figure 7 indicates that the liquidus and transition are probable occumng together This

could occur if the sample composition. nominally 24% N1313. was such that the phase transition and the

liquidus-solidus transition occurred at temperatures which were veryx close to each other Alternamiel.\

the phase diagram maybe slightl- incorrect.

Delta Temperature 'C
6 BBO-NBBO-

(24% NB BO see fig 5

4 eutectic te mperature - ~ approximate

-~ liqutdus temperature

t chance of slope)

700 751) 800 850 900) 950) 1000 1 05()

Tetmperature C

Figure 7. BRO - NBB() DTA data.
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3. TOP SEEDED SOLUTION GROWTH

Top seeded solution growth (TSSG) is a general name for growing a crystal from a Need which has been

lowered into a molten solution containing the crystal matenal. In general there is a very small thermal

gradient normal to the melt surface. but crystal growth occurs virtualh, at thermal equilibrium with the

melt. Growth on the seed crystal is achieved by slowly cooling the melt. in which case the crsstalhsation

temperature varies with time.

3.1 TSSG Furnace

The TSSG furnace is approximately cylindrical in shape. and has resistive heated silicon carbide rod

elements parallel to its axis (Figure 8). It is designed to ha,,e a uniform radial temperature profile The

silicon carbide elements have an operating temperature to 15(K) -C and are arranged to be equidistant

from the furnace axis. Concentnc with the elements is an alurmna pedestal on which the crucible i,

placed. Crucibles are usuall. made of thin-walled platinum or platinum/rhodium with a size range up to

5(0mm diameter and 70 mm deep A vertical temperature gradient ensures that the melt surface is ,,hghtl.

cooler than the melt intenor The temperature gradient is also used to promote conecrie stimncn within

the melt as the bottom of the crucible is generally hotter and hot liquid will nse. When it reaches the top.

the liquid cools. then sinks to the bottom. The resulting circulating stimrng pattern homogenises the melt

If the surface of the melt is shghtl., cooler than the intenor. nucleation and growth will occur at this

surface The circular hearing elements and a hole in the top of the furnace are used to form the ,,ertical

temperature gradient. The hole size could be changed to vary, this with a small hole resulting in an

isothermal environment with vert little sntmng. A cooler spot to initiate growAth is then achieved b\ u,,in

an air cooled seed rod to reduce the temperature of the seed crystal The crucible is '.iewed through the

hole in the top of the furnace in conjunction with a light source A computerised lift and rotation seed rod

is also placed through the hole. Temperature control of the crucible and the elements is connnuousl%

monitored bh, a computer which also controls the rate of cooling when growing a cr.,stal

Seed Rod

IL SiC Heatin-' Elements

- Furnace I,,ulatio'n

SI ••! ' ( li

M~ummaj
Pedtal ... _ __

Figure 8. Schematic diagram of crytal growth furnace.

1A
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3.2 Crystal Growth

To initiate growth. the liquidus temperature of the melt must first be determined as this is the starting

temperature for growth. As the melt is close to iso-thermal and there is minimal seed cooling, the correct

liquidus temperature is required otherwise the seed will rapidly melt if the temperature is too high or

there would be rapid growth if the temperature is too low. Rapid growth which should be awoided

generally leads to poor crystal quality because of ,oid formation and flux trapping The occurrence o0

liquidus is determined by dropping a small piece of crystal into the solution. The solution is aIllosed to

reach equilibrium over 24 hours. while the fragment is monitored for growth. If the fragment doe, not

change size the small piece of crystal is in equilibrium with the melt and the liquidus has been found The

temperature is then increased slightly, typically I - 2 'C. to melt the small fragment. and the melt alloed

to stabilise at this temperature.

Next a seed crystal is tied very securely to the alumina or platinum seed rod with some fine platinum

wire (Figure 9" and attached to the furnaces lift and rotation stepper motors. The seed crsstal t, then

lowered until the seed just breaks the surface of the solution, where a small amount %ill disolve A

constant temperature is maintained for approximately 12 hour afllowing thermal equilibrium to he

established. Cooling of the solution then commences at very low rates (typically .01 - 0105 t/hr) The

seed is usually rotated very slowly to keep the layer around the seed homogenous which facilitates, a

uniform growth rate. The size of the crystal is monitored by observing through the top of the furnace

with a light source directed at the seed. To increase its thicknes,, the cr-,stal maw be lifted at

approximately 0 I mm/hr while the crystal is allowed grow to the required dimension. Once the cr,,,tal

has reached its required size or has been restricted by the cooling or crucible size. it is raised just above

the melt The cr- stal is then cooled slowl, to minimrruse any thermal strain

grooves filed in crvstal

Platinum Wire

Alumina or Platinum Rod Seed cr\,tal

Figure 9. Seed crystal attached to seed rod.

3.3. Crystal growth of Beta-Barium Borate.

The cr,,tal growth process is illustrated by the flux growth of beta Barium borate L-BHO) Barnum

borate has a high temperature phase (a) with a melting point of around o'95±_3C 151 Thi, phase

transforms to the beta phase %with a reported transition temperature between 890) and 925 C 151 i'hu- in

general 13-BBO cannot be grown directly from a stoichiometric melt and a flux must be added to redu.ce

t N('I.ASSIFIlF)
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the liquidus by around 200 0C. Recently the Czochralski growth of B-BBO from congruent melts 161 has

been reported. Very large thermal gradients had to be applied with this method to produce large

undercoolings to get the crystallisation temperature below the Ct - B transition temperature. Undercooling.

or •upercooling. occurs when a liquid is cooled below its freezing point. Very careful materials

preparation and melt conditioning were required to allow the II phase to grow and prevent the transition

to the ox phase. This process may occur for BBO if the (x - 13 transition is sluggish which has been

reported [51. Small fibres of BBO have also been grown with the Laser Heated Pedestal Growth

technique 171. Here a solvent was required to reduce the melting point below the transition temperature.

With the tfux growth method, excess B)0 3 reduces the melting point, but such melts are viscous and

crystal growth is difficult to obtain. Sodium Oxide (Na20) reduces the melting point as seen from the

phase diagram of BBO - Na2BaB2O0 (NBBO) in Figure 5. Crystals of 13-BBO can be grown from a

composition of at least 24 mole % NBBO. However the range of composition over which crystals will

grow is quite small, and only a small volume of crystal would result from a given melt volume. A study

of the more complete system may indicate a composition that would allow a larger volume of the melt to

crystallise as B-BBO. The phase diagram (Figure 5) of BBO - NBBO is only a partial diagram of a three

component system as shown in Figure 10 where BaO. NaiO and B20 3 are the three components of the

phase diagram.

Na,,O

NBBO

Extremely slow
7 86 3) crystal growth regio

Qi5 -9M0
BaO 3BaOB.O BBO 820
192 3°C 1370 0C l()95C 450 0C

Figure 10. Full Ptime dialram of BaO, Na 2O amd B20 3 .

The temperatures indicated are the melting points of the materials at that point of the phase diagram.

Also shown are the eutectic temperatures between BBO and other compounds in the phase diagram.

The region of interest for flux growth of BBO is indicated by the triangle shown as (1) in Figure 10. As

the ot - 13 transition temperature is around 925 'C, the lower the final crystallisation temperature (eutectic

It) UNCLASSIFIED
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temperature) and the larger the composition difference between the start and finish of growth. then the

larger a fracnon of the melt volume should crystallise. Region (1) encompasses the part of the phase

diagram where BBO is most likely to grow from a flux with the lowest final temperature. thus giving a

large growth range. Region (2) is also worth considering; however the higher melting point ot

SBaOB20 and the high eutectic temperature (915'C) eliminates this region for flux growth of BBO

Region (3) also has a high eutectic temperature (-900'C) and additionally melts nch in borate are

generall' 'ery viscous, making this region difficult and slow for crystal growth. Generally [3 - BBO has

been grown from a mixture of BBO and NBBO [5.11,12,131 along the phase line indicated and shown in

the phase diagram iFigure 5). There has also been a report on growth from NaCI solutions 1141

T-he phase diagram of region (I). BBO - NBBO - Na-2B20 4 (NBO). has not been previously determined

and was intensively studied by us. The phase diagram in Figure I ) is what is theoretically expected if no

new phases form between the compounds. The dotted lines indicate possible eutectic iso-therms. If these

should occur then there would exist a large growth range between the at - 0 transition and the central

eutectic point, which should lead to the growth of the largest crystals from a given melt volume.

NBBO

//

eutectic 1/ BBO
-55'C

/ "•- .. eU~tect

transition
temperature V3-BBO -

/
maximun NBO

/ a growth range

BBO eutectic NBO
10950C 926'C 9680C

Figure 11. Theoreical Phase diagram of BBO- NBBO- NBO.

Using DTA and x-ray analysis of small melts, typically I -2 gin. the phase boundaries and temperatures

were determined and the results are shown in schematic form in Figure 12. The x-ray analysis indicates

the crystal phases that result when a particular composition is melted and slowly cooled while DTA only

indicates phase temperatures. Identification of the crystal phases is required to determine the

composition range of a compound in the phase diagram. Figure 12 indicates an unknown high

temperature phase which forms above 900 "C. Also shown is the approximate ot - 13 transition isotherm.

Appendix f(a) gives a summary of the lattice parameters of NBBO, which have not been reported. and a

determination of the lattice parameters found for the unknown material. NBBO is needed to be

charactensed as it is used as one of the starting materials and a major component of the flux. The
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presence of the unknown material has the effect of moving the eutectic towards the BBO compound on

the ternary diagram. This reduces the composition growth range and there is little advantage to be gained

from growing - BBO within the ternary diagram.

NBBO
846-C

/\

t' L k njow n m te n al

NBBO
eutectic 7'N

755'C / "N.

,) > Q(X)•C
025 :C/ N / eutectic

transition ..

temperature -•,

/
3-BBO %-"/ ') NBO

Cc/

BBO 926-C NBO
1("5_C %6g C

Figure 12. Schematic Phase diagram of BBO - NBBO - NBO.

4. SUMMARY.

The flux growth of crystals is an important technique for obtaining single crystal samples of many optical

matenals. The technique in itself is quite straight forward, however there are many subtleties that must

be understood before high quality crystals can be grown. These subtleties vary for different materials and

include flux selection. cooling rate, rotation rate and lift rate. The over-riding problem is flux selection.

which is crucial for good quality crystal growth. This problem is generally solved by studying the phase

diagram of the flux and crystal combination, and involves considerable trials and experimentation to

optinuse.

The example used to illustrate the technique, the growth of 13-BBO from sodium borate fluxes, shows the

importance of the phase diagram in top seeded solution growth. Sodium oxide is known to be a suitable

flux with a range of liquidus temperatures less than the 925 0C transition between high temperature (a)

and low temperature (5) phases of BaB 20 4 . In an attempt to extend the range of growth, this study was

aimed at finding other lower temperature eutectic temperatures within the BaO, Na20, B20 3 system. It

was evident from the known phase relationships that the subsystem BBO, NBBO, NBO provided the best

potential.

A study of this system was attempted using a combination of differential thermal analysis. x-ray

diffraction and visual observation of test materials in small crucibles with controlled temperature

changes. A high temperature phase appeared to be present as indicated by the phase products and
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transition temperatures found during the phase diagram study This coincided with the obsertation ot an

unknown phase identified dunng XRD analysis. An attempt to determine lattice parameters of this,

inatenaJ was unsuccessful because of its extreme hygroscopic nature causing the formation of multiple

h',drated phases. rhe occurrence of this unknown phase weverely restictes the growth range that can he

obtained because of the shifting of the eutectic isotherm towards the a-0 transition temperatute

Consequently this reduces the composition difference between the phase transition and the eutectic

composition. There is therefore very little advantage in using a flux from within this subs,,stem. Most of

these studies were performed with matenals having 99.9% or 99 99% punty. Impunties such a.,, Ca

wAithin BaCO3. may possibly have been responsible for the new phase occumng. but this seems unlikely

2iven the low concentration of impurities.

The crt-stal structure of Na20.BaB-20 4 (NBBO) was examined by x-ray diffraction. Mixtures of NBBO

wiith substances of known lattice parameters were used for companson and to calibrate the x-ra,, data

The results obtained for the two theta values (Appendix 1(a)) are generally compatible with those in the

literature. The crystal structure was found to be monoclinic as obtained from powder x-raý anal,,sis.
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APPENDIX I(a)

LATTICE PARAMETERS OF NBBO AND UNKNOWN MATERIAL.

(a) Lattice Parameters of NBBO

\BBO is a major component of the BBO - NBBO - NBO s,,tem and while a table ot 29 @ BraLgg an,.lei

vs line intensit. has been reported8. the lattice parameters or crystal structure are unknown. A detailed

knowledge of the lattice parameters ithat is unit cell dimensions which define the cr',stal structurei Is

required for x-ray analysis and a more complete study of NBBO was undertaken A large NBBO sample

was prepared using BaCO. -B0O3 and Na2CO 3 . After thoroughly mixing the chemicals the sample was

placed in a platinum crucible and heated in a muffle furnace to 71)) "C This is 55-C below the eutectic

temperature bervteen BBO and NBBO. The furnace was maintained at this temperature tfr 60 hours.

then cooled to 460 'C in 5 hours. and finally cooled rapidly to room temperature. X-ray diffraction

showed that the sample was single phase with no evidence of the individual starting chemicals. It •,L-s

found that NBBO is hygroscopic and would hydrate overnight if care ,as not taken to ensure that the

prepared NBBO was kept in a dry environment.

Pow4der s-ray data were acquired on a standard x-ray diffractometer with the data electronically stored

for latter analysis. Lorentzian line shape profiles were fitted to the data to determine the line position ( 20

or d ,pacingi. intensity and line broadening, where E is the Bragg angle and d the interatomic spacing

rhe determined lattice spacings and the probable Miller indices, denoted by h. k and I are listed in

Table haj.2 along with the published results

_sing the Unit Cell Refinement program of Visser 191. which determines the lattice parameters from x-

ras powder patterns and assigns Miller indices, the measured d - spacings give consistent results for a

monoclinic structure. This result is obtained with no assumptons about the crystal symmetry. Using the

same condinons and the reported d - spacings 181 the results listed in Table l(a).l are obtained. These

data have also been refined using least squares analysis 1101.

Table I(a).1. Calculated Lattice Parameters of Na-2BaB 20 5.

Lattice Parameters a (A) b (A) c (A) a (0) P3 C~)

Present data 9.576 5.570 6.190 90 98.88 90

Reference data (81 9.573 5.565 6.185 90 98.92 90

(b) Lattice Parameters of Unknown Material

As indicated on the phase diagram. Figure 10. an unknown high temperature phase was found. Crystals

of this matenal could be grown from the melt in the region indicated within the dashed lines. The exact

composition range and temperatures were not determined. The material was extremely hygroscopic.

Although this made analysis difficult, some x-ray data were obtained on freshly prepared samples. A

table of 20. is shown in Table i(a),4 for one of the samples measured. Attempts to analyse these data

with the Unit Cell Refinement programl91 were somewhat inconclusive and lattice parameters could
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Table l(a).2. Measured x-ray data of NaBaBvO;.

(-) l/II, d -pacng 1 d - -pacing h.k.I determined trmn

_ _present data (A) i reference ) 7,A) I nit Cell Refnemen•

1 S.64 22 4754 4798 1 I 1)

1..925 12 4685 4 734 2 4)

22,066 20 4.025 40.57 2 4

"22.777 37 3.901 3 929 I -

24607 30I 3.615 3642 1

25658 13 3.469 3490 2o

2 I 351 100 3.041 3058 0 2

312366 27 2.764 2.787. 2.773 0 20 2 -2

32.756 69 2732 2.746

33633 17 2663 2676 31

36 183 26 2481 2.493 I 12

37 570 22 2.392 2.403 2 2'

38 452 2 2.339 2 367 40(4

38 785 18 2.320 2.331 40 -1

19 366 25 2.287 2 296 , _

41 267 14 2.186 2 196 31-2

41 634 22 2.168 2 176 2 2 1

43 214 7 2092 1 .(M) 4 ) 1

44 105 9 2.052 24059 o 2 2

4-4 793 23 -. 022 2.027 4 0 -2

45 7.98 10 1.980 1.987 2 4) -3

4.U 360 15 1.957 1.964 2 2-2

47 173 15 1.925 1.932 II -3

47 527 II 1,912 1.918. I 865 3 1 2

5) 183 8 1 817 1 823 2 2 2

51 164 10 1.784 1.789. 1.772 42 -I

52 ON) 5 1.7553 1.759, 1.7445 1 3 -I

52 783 3 1.7329 1.7307 1 3 1

54855 15 16723 16764 421 40-3

55650 8 1.6503 1.6549 5 1 1 5 1-2

56.223 3 1.6348 1.6394 4 2-2

57049 6 16131 1.6164 2 2 -3

57752 9 1.5951 1.5992 3 30

58.575 3 I 5746 15752 600
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not he determined uniqueh A probable reason tor thi,. is the extreme h',2ro,.ýopic nJtur3 1, the matenil

I-or instance .amples left owemight would hquet, :au'mng contu'ion in interpretatin oi the x ra, data

due to the appearance of a second phase a'',ociated with the h.dration hbwe,.er j in',t prhihle

.truture was indicated. I simgn the lartice parameter's determined in this Aa,. data trom t,)ur ample. A,i.

lea.t 4.uire. fitted Of the 44 lines obtained in the ime'.stigation. onl,, three weak line. w.cre nt inde~cd

in the most probable structure. The results of this ana','s.i are '.ho.n in Table 1, 1i ' and a~ie turl

con.istent results for a monoclinc structure.

Table Iha .3. Calculated Lattice Parameters of Unknown Material.

'Lattice Parameters~ a (A) b iAt c IAt ( 3

'sample I (Tahle 4 data 11 1 14 14 t 39 9)11 t

',ample 2 1 1 ')6 14 22 6 42 90 '

' ample .1 11 92 14V 6144 4)) 19

'.ample 4 11 90 145 6 38 1tt is 6

Table Ila).4. Measured v-ras data of L nknown Material.

2(-) l,'lo 2E: Ibh

14o5 2 56l9 l

IhM x 4;748

l' 2 ___ _4_8 32 3

249%) 2 ý 33 2

2565 4 N) 44) 4

28 737 1 6) 59 4

29392 44 62')) I0

33 15 24 6487 I

34 59 5 6691 1

35 89 I 68.11 1

36.51 3 690(0 I

38 29 I 70 37 1

40)84 4 7506 1

42.46 7 7703 1

4406 I 78.16 1

4527 I )W 7895 2

45 51 6 8021 1

4901 2 82.30 3

50 I_ 1______ _ I

51 44 I 86_25 1

5284 I 90,46 I

55 28 I 92.24 _ 1
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APPENDIX 1(b).

PROBLEMS IDENTIFIED.

Problems \with the differential thermal analysis equipment were identified as follows and these should he

addressed to impro-,e the equipment.

a)a The differential thermal analysis equipment was designed and built n-house. and in

particular made use of the Oproelectronics Division unique temperature control ,oftu'are

developed for the Czochralski furnaces. On use it was discovered that to be erfectise the

thermocouple wires tPt/PtRh) needed to be thinner than those used. The wires used w&ere

0.5 mm diameter, whereas 0.2 mm or less would be preferable. The thicker wire made the

system less sensitive due to its higher thermal capacity and thermal conductance

ib) Liquidus temperatures were difficult to determine with the existing equipment. The ,mall

sample crucibles were made of folded thin Pt toil. When the sample (which had been reduced in

volume by prior melting and quenching) reached its solidus-liquidus temperature. some of the

liquid separated from the solid due to its tendency to wet Pt. Thus the sample effecti-el,,

changed composition during the measurement. An improved crucible design is needed. either to

present the wetting effect or to enclose the sample totally.
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